In this paper a fault tolerant control (FTC) 
Introduction
The major developments of fault tolerance in space have been concentrated on failsafe aspects in connection with large and expensive missions. There is a clear motivation for considering fault tolerance in attitude determination and control system for satellites [1] . Since the aim of ADCS b is to provide desired conditions for achieving requirements of the satellite defined missions, an undetected fault in such a system could often result in dire consequences. Wimmer (1997) reviews four ESA mission cases flown in the 1980s and 1990s, where each mission experienced roughly 150 faults and anomalies. The attitude and orbit control system were responsible for 25-50% of all faults, several being mission critical [2] . So FTC c has an important role in this system, where automatic reconfiguration of sensors and control systems can be carried out. In order to adapt to possible faults in ADCS sensors, it is necessary to precisely describe and detect these faults. Some of the causes of a faulty output signal in these sensors could be that the wire is broken, a bad soldering, the component is burned or due to a short-circuit to ground. There is a possibility that there is a short-circuit to the supply voltage resulting in a maximum signal output. The causes of a wrong output signal also could be a floating supply voltage or displacement of the sensor. One of the attitude sensors, used on every satellite launched for both attitude determination and attitude control in the past twenty years, is the sun sensor [3] [4] [5] [6] [7] [8] [9] [10] . Although various kinds of coarse sun sensors have been designed and constructed and most of these sensors have a low weight and low power consumption [11] [12] [13] , often more than one sensor is required for the satellite as a consequence of limited FOV. So on many occasions, the total mass and power consumption will increase. For example in ADCS of AAUSAT II six coarse sun sensors are used [14] , ADCS of PIONEER spacecraft has 6 sun sensors [15] and 6 coarse sun sensors are applied in SCISAT ADCS [16] . Hence, a sun sensor with a small mass, low power and a wide FOV that can be replaced with two or more sensors will largely save mass and power. By this idea, a low power, two-axis coarse sensor with 10×10×21.5 mm dimension and a mass of 200gr called IUST-CSS, is designed and constructed [17] [18] [19] . It measures the sun angle, in two orthogonal axes with the advantage of having a hemispheric FOV, 180 degrees around the Z axis and 360 degrees around the X and Y axes. In comparison with other coarse sun sensors TNO coarse sun sensor is the most similar to IUST-CSS in structure but it is much heavier and has a narrower FOV, such that two TNO coarse sun sensors are needed to produce a FOV similar to IUST-CSS [13] . The sensor operation can be considered in two approaches, enumerating various ways for sensor success, or sensor failure. While considering failures, constructing sensor fault models may be necessary. The first step in any Fault Detection and Isolation (FDI) process is to generate so-called residual signal which should be sensitive to potential control system component faults and insensitive to the disturbances acting on the system. So the first question one must answer is that where to get the signals which contain richest information about the fault in the system for FDI schemes [24] . After that one should design a proper algorithm for FTC. In this paper, since a FTC approach is going to be implemented on IUST-CSS, fault analysis of the sensor is argued by means of fault tree analysis [25] . Then finding a proper place to get signals for FDI will be discussed. Thereafter among different FDI methods [2] , a signal based method is chosen, which checks signals level to detect the faults. Afterward, in order to implement the functional FTC system on the proposed sun sensor a simulator is needed. Since IUST-CSS is going to be used on a cube LEO spin satellite, a spin satellite simulator is developed as a test bed for the sensor. The simulator has a different structure from that of the references [20] [21] [22] and also differs from [23] . Most of the simulators are air-bearing type, and they offer a nearly torque free environment, perhaps as close as possible of the space, for this reason it is the preferred technology for ground based research in space dynamics, attitude and control [20] ; but in this application the essential parameters are simulating the spin rate of the satellite and also its alignment by the sun. Therefore an individual set up has been developed such that provides an appropriate structure for the sun sensor testing and implementing the FTC algorithm. 
Fault Analysis of IUST-CSS
Operation of the sensor can be considered from two stand points: we can enumerate various ways for sensor success, or sensor failure. When failures are considered, it may be necessary to construct system models such as fault trees, which cover all the significant failure modes [25] . Fault Tree Analysis (FTA) is one of the most important logic and probabilistic techniques used in system reliability assessment today. A fault tree is not a model of all possible system failures or all possible causes for system failure. It is tailored to its "top event" that corresponds to some particular system failure mode, and thus includes only those faults that contribute to this top event. Moreover, these faults are not exhaustive-they cover only the faults that are assessed to be realistic by the analyst [26] . It is important to point out that a fault tree is not in itself a quantitative model. It is a qualitative model that can be evaluated quantitatively and often is. This qualitative aspect, of course, is true of virtually all varieties of system models [26] . FTA can be applied to both an existing system and to a system that is being designed. When applied to an existing system, like IUST-CSS constructed sensor, it can be used to identify weaknesses and to evaluate possible upgrades. It can be used as an important element in the development of a performance-based design and also to diagnose causes and potential corrective measures for an observed system failure [25, 26] . So we are going to apply FTA on the IUST-CSS, which is an analog coarse sun sensor with following characteristics [18, 19] :
To compute sun angle using this sensor, on board computer of the spacecraft requires a table of values which must be stored and interpolated according to none zero currents, due to real attitude condition. The source from which this table is derived in references [18, 19] . A fault tree which has acquired for IUST-CSS, according to standard [20] , is as Figure 1 which analysis has done with "Logan Fault and Event Tree Analysis" software [27] . As it can be seen, the top event is "abnormal cells output" and the faults that contribute to this top event in the smallest branches consist of cell abruption, link disconnection to electrical board, disconnection of cell from body, short circuit of cells output in electrical board and electronic noise as an adding error [27] . Obviously, being in eclipse could cause the output be similar to a faulty case. That there is no fault here has been taken into consideration [27] .
Fault Tolerant Control Of IUST-CSS
The first task of a fault detection system is a binary indication that either a fault is present or that the system is fault-free. According to residuals generation, the various methods for fault diagnosis can be divided in to signal based, analytical model based, and knowledge based. Signal based approaches to diagnosing the state of a plant have been in use for many years. The general characteristics of such methods are that they are easy to implement and their results are simple to interpret [2] . In order to identify the signals which contain copious information about the fault in the system for FDI schemes, one must be aware that not every signal in the control loop is accessible for measurement due to the physical limitations and availability of sensors. In the following section, the optimal place to measuring appropriate signal in the closed-loop control system is addressed and analyzed based on the system sensitivity theory [24, 25] .
Optimal location to get signal for fault detection
In order to measure an appropriate signal in the closed-loop control system, among the accessible locations, the optimal location would be the one which has maximum amount of information about the fault. In other words, the locations that have maximal sensitivity with respect to the variation of specific system components. Among various possible faults in a control system, only those faults which cause sensor output changes have been considered in this paper.
It can be shown that closed-loop attitude determination and control system is divided into some single input and single output closed-loop systems [28] . For the sake of simplicity, one of the single input and single output (as shown in Figure 2 ) is used for the 
The system is represented in frequency domain. As illustrated, the system consists of a controller which is represented by the transfer function G c (s), a plant G p (s), feedback sensor and the actuator also modeled as K s and K a respectively. Attitude determination block is considered as A ds .
Assume that the signals at point Y (system output), point B (sensor output), and point C (attitude determination system output) are measured. Apply Bode's sensitivity function to these three locations with respect to the parameter variations in the sensor, a total of 3 sensitivity functions are obtained [29] . They can be represented in the following matrix:
(1)
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is the sensitivity function of point i to the parameter variations in the sensor. For location C, which is the attitude determination system output, the sensitivity function in certain frequency range will be close to zero. This means that the output of attitude determination system is not sensitive to sensor faults. For location Y, which is the system output, and location B, which is the sensor output, the sensitivity function can be approximated by (-1). This means that both system and sensor outputs can be used to generate a residual signal for sensor faults. In this paper the sensor outputs are used to simulate the FTC method on the sun sensor.
FTC algorithm
As mentioned before, a signal based approach is selected in order to fault detection. Among various types of signal based methods, one basic approach called "level checking" which relies on signal processing is going to be applied in this paper [2] . Level checking is almost certainly the simplest to implement and most commonly used of all fault detection techniques. The basic idea is to monitor important system signals, and to raise an alarm when they exceed pre-defined boundaries. The simplicity of this method makes it attractive to plant operators. As mentioned before, the output of the sun sensor is the best place to detect the sensor's fault. Fault detection and diagnosis is carried out based on level checking and the FTC algorithm is designed based on sensor modeling and it's FTA [19] . The FTC flowchart is illustrated in Figure 4 . The algorithm is developed in MATLAB software, detection and isolation of the faults is developed in Stateflow Toolbox and overall FTC software is built in Simulink Toolbox.
FTC Implement And Test
In order to evaluate the FTC algorithm, it should be tested by simulation or functional hardware. Since simulation results only depict the application of the algorithm on the sensor mathematical model, it is important to design a plan that shows the results of FTC implementation on the practical system. With this purpose a test bed is developed, which can make the environmental conditions similar to space condition for the sun sensor.
The sun sensor is going to be applied in attitude determination and control subsystem of a spinning satellite with following specification:
So the test bed has to provide not only the proper alignment of the sensors by the sun, but also has to generate the spinning rate of the spin satellite. In this regard a small simulator is designed and constructed as the test bed. It is comprised of a precision rotary plate, a power unit, and a base plate to model the orbital condition. The outputs of the mounted sun sensors on the physical hardware are transferred in to the FTC software in a remote PC via wireless RS232 protocol. The block diagram of the simulator is shown in Figure 5. 
Main components description
The simulator has 3 main parts:
1) The precision rotary plate; it is a plate on a stepper motor controlled and can be rotated in steps and also adjusted to a No Set i to 2I 5 sinγ (according to model [19] )
If there are more than 2 faulty cells in each sensor
Set i x to I 5 /2sinγ where i x is not faulty (according to model [19] ) Regular Paper: FTC system for a Sun Sensor applied in a Spin Satellite: Design and Implementation spin rate equal to spin rate of the satellite. Electrical board of the simulator and also the sun sensors are mounted on this plate, such that placement of the sensors is as real structure [17, 19] . In the real structure two sensors are used. A sensor used to cover hemisphere and another one used as a redundant in a configuration shown in Figure 6 [17] . Electronic board of the simulator contains a PIC 16F877A micro controller, and two 8chanal and 8 bit A/D, which 10 channels of them are used because of the 5 outputs of two sensors. The communication between the electrical board and the PC, where attitude data stored and monitored, is accomplished by a bidirectional radio link. For this purpose transmitter/receiver modules (Hoperef technologies [30] ) are used. These devices offer the possibility of handling digital data in the range of 838 MHz, and an operating distance of 220m.
2) The power supplying part, which contains a fiber circular plate with rings of tin; it is shown in Figure 7 . Each tin ring connects to + and -of the power supply by one side, and to the electronic by two brushes from Graphite, by the other side.
3) The base structure, which all the set up are settled on it; It can be shown that in a sun synchronous orbit with 700 km height and 98 degree inclination, the sun incident light on the plane of the satellite orbit around earth is almost invariable [4] . This angle is about 24 degrees. In order to model the alignment of the satellite by the sun, the base structure of the test bed will produce this angle by the light source. The completed system is shown in Figure 8 . FTC and sun angle calculation by the software in communication mode with the physical system is shown in Figure 9 .
Test Result
Real outputs of the sensor without any changes are illustrated in Figure 10 . The phase difference between cell1 and cell3 and also between cell2 and cell4 are clear in this picture. Calculated sun angle from real data of the sensor are compared to calculated sun angle from simulated data [18, 19] . The comparison and the error signal produced by difference of two mentioned plots can be seen in Figure  11 , which implies on 1.2% accuracy of the sun sensor measurements (the Bread Boarding version).
Based on fault tree analysis mentioned before, the top event is faulty output of the sensor. So in order to test the FTC algorithm, some manual faults are implemented on the sensor output. While less than 3 cells fail or produce wrong output, the FTC software can 
TEST RESULT
Real outputs of the sensor without any changes are illustrated in Figure 10 difference between cell1 and cell3 and also between cell2 and cell4 are clear in Calculated sun angle from real data of the sensor are compared to calculated sun simulated data [18, 19] . The comparison and the error signal produced by differ mentioned plots can be seen in Figure 11 , which implies on 1.2% accuracy of th measurements (the Bread Boarding version). 
Conclusion
In this paper implementation a fault tolerant control (FTC) method on a coarse sun sensor is designed and developed in order to doing well in attitude determination system while fault occurrence in the sensor. Primarily fault study of the sensor using fault tree analysis is accomplished; sensitivity function analysis of the sensor in closed loop system is done. Then a signal based FTC approach is designed for the sun sensor in attitude determination subsystem of a spin satellite. Finally a small simulator is developed such that, it has the essential parts to provide not only the proper alignment of the sensors by the sun, but also models the spinning rate of the satellite. The physical hardware data transferred in to the FTC software in remote PC, and fault tolerant control of the sensor has performed. Based on fault tree analysis mentioned before, the top event is faulty output of the sensor. So in order to test the FTC algorithm, some manual faults are implemented on the sensor output.
While less than 3 cells fail or produce wrong output, the FTC software can compensate the fault. In more than 3 cells failure the sun sensor is misplaced in the software and substitutes with a sensor simulated block. For instance, in failure of 3 cells i.e. 2 side cells and the top cell fail, calculated sun angles without FTC are shown in Figure 12a in compare with simulated sun angles with no fault. After implementing the FTC, the results are shown in Figure 12b . As it is illustrated in the last figure FTC system can compensate the faults as expected, and the results are admissible. For other cases results are similar.
CONCLUSION
In this paper implementation a fault tolerant control (FTC) method on a coarse sun sensor is designed and developed in order to doing well in attitude determination system while fault occurrence in the sensor. Primarily fault study of the sensor using fault tree analysis is accomplished; sensitivity function analysis of the sensor in closed loop system is done. Then a signal based FTC approach is designed for the sun sensor in attitude 
